gatory. Products were varied and were found in both the ethyl acetate-soluble and insoluble fractions after acidification of the incubation mixtures. With internode extracts, about 1 micromole of 02 was consumed per micromole of p-hydroxycinnamic acid that disappeared in the presence of mercaptoethanol. Tetrahydrafolic acid plus mercaptoethanol were required for a second step oxidation or a parallel reaction; about 2 micromoles of 02 were consumed per micromole of p-hydroxycinnamic acid that disappeared. Potassium cyanide, diethyldithiocarbamate, ascorbic acid, and ethylenediaminetetraacetate were inhibitory. A similar mercaptoethanol-dependent monophenol oxidase was present in preparations from green shoots that also contained a classical polyphenolase activity. The activity was present in both soluble and particulate (500 to 100,000 gravity) fractions of internodes. Preliminary studies were made of enzyme complexes in the particulate fractions capable of converting phenylalanine and tyrosine to the level of ferulic acid when the above p-hydroxycinnamic acid oxidase was blocked with ascorbic acid. The ratelimiting step was the hydroxylation of p-hydroxycinnamic acid.
Classical PPO3 activity was weak or missing in extracts of seedling tissues of sorghum, but oxidative activity with mono1This work was supported by a National Science Foundation Grant GB-8163. 2 Postdoctoral Fellow in Biology. 3 Abbreviations: DIECA: diethyldithiocarbamate; ME: 2-mercaptoethanol; PHC: p-hydroxycinnamic acid; PPO: polyphenolase; THFA: tetrahydrafolic acid; s-AME: s-adenosylmethionine. phenols such as p-cresol and diphenols such as chlorogenic acid increased in extracts from developing green shoots (17) . Since it was known that both mono-and diphenols accumulated in the tissues of etiolated seedlings as well as in green leaves, it was postulated that there might be two systems hydroxylating PHC to caffeic acid. One of these present only in green tissues could be the classical PPO; the other present in both seedling and mature green tissues could be specific for monophenols, possibly similar to the specific tyrosine hydroxylase in animals (10) . In a search for such a specific hydroxylating system in tissues of sorghum, an interfering reaction involving the oxidation of PHC in the presence of sulfhydryl reducing agents such as ME has been found that appears to be the function of a peroxidase-oxidase (19) . GENERAL METHODS Seeds of Sorghum vulgare, var. Wheatland milo, Oklahoma strain, were similar to those used in previous studies (14) (15) (16) (17) . Seedlings were grown either in the dark on moist filter paper in trays or in a greenhouse.
Preparation of Soluble and Particulate Fractions from First Internodes of Sorghum. About 10 g, fresh weight, 3-day-old darkgrown internodes were excised and ground with 1 g of Polyclar in 20 ml of 50 mm phosphate buffer at pH 7.5. After straining through cheesecloth, the homogenate was centrifuged for 1 min at 5OOg to remove the Polyclar AT and cellular debris. The supernatant was centrifuged at about 40 for 2 hr at 100,000g.
The residue was resuspended in 10 ml of phosphate buffer at pH 7.5 (= R2,). These particulate preparations were used immediately unless otherwise stated. The supernatant fractions were frozen. Combined supernatant fractions were subsequently treated with 500 g/liter solid ammonium sulfate, with NH40H added to maintain a neutral pH. The precipitate was resuspended in 50 mi phosphate buffer at pH 7.5 (17 X concentrated) and was used directly or after freezing and thawing (= S17x).
Shoots of 6-to 8-week-old greenhouse plants were homogenized in 0.5 M sucrose, 1 mM EDTA, and 50 mM phosphate buffer at pH 7.5 with Polyclar AT (10% by weight of fresh weight of tissue). The homogenate was strained through cheesecloth, then centrifuged for 1 hr at 27,000g. The supernatant fraction was fractionated with ammonium sulfate, the range between 250 and 500 g/liter being resuspended and dialyzed against 1 mM phosphate buffer at pH 7.5.
Protein was estimated by a turbidimetric method with serum albumin as standard. Suitable aliquots in a 0.1-ml volume were added to 1 ml of 5% trichloroacetic acid (w/v) and read at 500 nm after 15 min. Oxygen Electrode Assay. A Clark electrode was used with a GME oxygraph. A 2-ml enzymatic mixture was incubated in a GME reaction vessel connected to a circulating water bath kept at 30°. Water saturated with air (0.237 ,umole of O2/ml at 300) was used to set the instrument at 100% 02. Zero per cent was set by the instrument zero, but this was not significantly altered by the addition of added Na2S204. Rates were calculated from the stabilized initial slope after the addition of substrate or enzyme. 215
Other incubations were done by conventional manometric methods or in open test tubes with shaking.
Reactions were stopped by the addition of 0.1 mnl of 6 N HCI and mixtures were extracted with ethyl acetate (5 x 2 ml). The resulting aqueous fractions were sometimes dried on Whatman No. 3 filter paper along 1-X 20-cm strips and were chromatographed in descending chromatography in butanol-acetic acidwater (BAW, 30:5:10, v/v). The ethyl acetate fractions were concentrated to small volumes with air at 500 and were dried on 1 cm radius circles for two-dimensional chromatography on 30-X 30-cm squares of Whatman No. 1. These were chromatographed first in the organic phase of benzene-acetic acid-water (BeAW, 40:10:1) and then generally in butanol-NH40H-water (BuNW, 40:5:5, v/v). Sometimes butanol-acetic acid-water (BAW, 6:1:2, v/v) was substituted for the latter. Spots were identified by ultraviolet light (both 266 and 366 nm) with and without fuming with NH40H, and with K3Fe(CN)6, Fast Red, 2,4-dinitrophenylhydrazine, and quinoneimine sprays (14) . When radioactive tracers were used, papers or spots were scanned with a Geiger tube to locate approximate positions of radioactivity. Areas were cut out and counted directly in vials in a PPO-POPOP-toluene scintillation fluid (16) . Spots were sometimes eluted in 100 or 70% methanol for spectrophotometric or fluorometric analysis (14) (15) (16) (17) .
Substrates used were commercial sources unless otherwise noted. PHC was recrystallized from ethanol with added water. Fresh stocks of ME (Aldrich Chemical Co.) were made daily. THFA increased the long term oxygen uptake (measured manometrically) without any major effect on the disappearance of PHC or the products of the reaction. In the short term assay with the oxygen electrode, however, THFA either had no significant effect if present with the enzyme prior to the addition of PHC or inhibited the initial rate of 02 uptake by as much as 50% if present with PHC for 100 sec or more prior to the addition of the enzyme to start the reaction. A freshly prepared solution in pH 7.5 phosphate buffer of a purer solid sample of THFA (Sigma) produced only a slight inhibition, but the solution turned yellow by about 3 hr even though kept on ice and now the THFA produced about a 50% inhibition. The inhibition also occurred even with the freshest solution of 6, 7-dimethyl-5, 6, 7, 8, -tetrahydropterine (Calbiochem). The inhibitory effect of THFA varied with concentration of PHC; the kinetics of this inhibition have not been studied in detail (see below). Critical experiments were always done with and without THFA.
The initial rate of oxygen uptake, both with and without THFA, was inhibited at high concentrations of either substrate or enzyme. The rate waslinear with added protein of the enzyme extract up to about 20 ,ug of protein per 2 ml of incubation mixture. At about 0.2 mg an inhibition was observed that increased to about 80% inhibition at 2 mg/2 ml. With THFA, the reaction rate was linear with increasing amounts of PHC to about 4 ,umoles/2 ml with inhibition above 8 ,umoles. Without THFA, the reaction rate was linear to about 2 ,umoles with inhibition beginning above the 4j,mole level. A 3-to 5-min treatment in a boiling water bath completely lowered the rates to endogenous or autoxidation levels or below. The reaction (with THFA) was most rapid at pH values between 7.5 and 8.5 with a slight peak about 8 ( Fig. 1) . Autoxidation values were higher at the higher pH values. A pH of 7.5 has been routinely used since the autoxidation values were lower, and this is the pH optimum for the cinnamic hydroxylase reaction, studied in particulate preparations (12) . Phosphate and bicine are preferred buffers over tris since the latter produced an unidentified product with enzyme and PHC alone at the higher pH values (8-8.5).
Effective inhibitors, aside from ascorbic acid, were KCN (100% at 1 mM), DIECA (86%o at 1 mM), and EDTA (100%c, at 5 mM).
Spectrophotometric Assay. The above ME-dependent reaction was also followed spectrophotometrically by measuring the loss of absorbancy at 285 nm due to the disappearance of PHC. Figure 2 shows the change in absorbancy in a complete system and in one without THFA, compared with controls without added enzyme. In the absence of enzyme there was a sudden disappearance of PHC for the first 15 min both with and without THFA. When the autoxidation or nonenzymatic reactions are not subtracted, loss of absorption due to disappearance of PHC was less rapid in the presence of THFA, but it may continue to disappear slowly. If autoxidation rates are subtracted, the rates were now similar in the presence and absence of THFA. The maximum rate of PHC disappearance by this spectrophotometric method was never above 50%, while with the chromatographic and fluorometric assays to be described, it was 80% or more; this difference could be due to the slow production of a product increasing the absorbancy.
Manometric Assay. The oxygen uptake in mixtures with and without added THFA and in various control mixtures was followed manometrically for 2 to 3 hr. Subsequently the products and substrates were analyzed after separation via paper chromatography. The effects of THFA during these longer incubation periods are clearly apparent (Fig. 3) Fig. 4 . Some are of endogenous origin; the bulk of these are removed in the original Polyclar AT extraction or ammonium sulfate precipitation. Since some of these could be products of the added PHC, they are a considerable source of confusion, especially in the particulate preparations (R2X).
Products of the ME-dependent oxidation of PHC by soluble enzymes were quite varied. One major quinoneimine-positive spot appeared in sufficient quantity to permit partial purifica- Radioactive from cinn-14C2 + R2X: FER, PHC, CAF-12,9,11,13, 14, 16?, 17 Radioactive from PHC-14C2 + S17x: 9,11,CAF-12 Quinoneimine-positive (permanent blue): 2,9,12,16. Found also in incubation mixture using horseradish peroxidase preparations: 9,12,14,15.
Only or much greater in particulate preparations (R2X): 4,10, PHB and ferulic acid (x-2 only in light treated internodes, and in shoots). A preliminary experiment with extracts incubated with ME, THFA, and PHC labeled in the C2 position (produced enzymatically from cinnamic acid-214C via cinnamic hydroxylase and isolated chromatographically) indicated that the radioactive products were distributed widely and label appeared roughly equally in both ethyl acetate soluble and insoluble fractions. None of the compounds in the latter aqueous fraction have been characterized, except that the major activity appears at RF values of 0 and 0.85 after chromatography in BAW. In the ethyl acetate fraction containing phenolic compounds, the most radioactivity (3% of the original amount added) was found in the complex area near the origin where caffeic acid, esculetin, and p-hydroxymandelic acid would be found. Neither esculetin or caffeic acid and their alkaline degradation products are present on these chromatograms from internodes in amounts sufficient for detection under ultraviolet light. There was evidence, however, of an intensification of a ultraviolet light-absorbing and quinoneimine-positive area (x-12) in the expected area of p-hydroxymandelic acid. Since all of these could be suspected products of the ME-dependent PHC oxidation, further work would be necessary to identify which of these possible products contain the radioactivity. The major ultraviolet light-absorbing area (x-9) contained only 0.1 % of the label, and another unknown (x-11) contained 0.5 % of the total original label in the PHC. No The soluble enzyme prepared by ammonium sulfate fractionation of a preparation from green shoots had both PPO and PHC oxidase activities. A few differences in PHC oxidase activity from the first internode preparations have been noticed (Table IV) . One was the acceleration by EDTA when added last to a medium without THFA, but an inhibition when EDTA was present with the substrate prior to the addition of the enzyme. Even the (Table V) .
PHC OXIDASE AND RELATED ACTIVITIES IN A PARTICULATE FRACTION FROM ETIOLATED FIRST INTERNODES
Because of a high endogenous rate and possible interfering reactions, the ME-dependent PHC oxidase activity could be demonstrated with the oxygen electrode only after freezing and thawing of the particulate preparation. Approximately 15% of the total activity of the homogenate was present in the thawed particles, approximating the distribution of a classical peroxidase activity (about 6% of the total activity assayed spectrophotometrically with pyrrogallol and H202) (15) . The specific activity (rate per milligram of protein) of the particulate protein after precipitation with ammonium sulfate was also only about 6% that of the supernatant fraction.
The activity in a freshly prepared particulate fraction could be assayed manometrically with the use of longer incubation periods, but the system was more complex than the soluble one. Only about 35 to 50% of the PHC disappeared, and the ratio of 02 uptake to PHC disappearance was characterized by relatively high ratios of 4 to 5 (Table VI) . Ferulic acid was also a substrate, and ascorbic acid prevented the disappearance of both ferulic acid and PHC and reduced their related oxygen uptakes to below endogenous values. THFA had no detectable effect on 02 uptake or PHC disappearance, but NADPH was necessary along with ME. The products of the reaction were similar to those found in the soluble system, but the amounts of x-9 and disappearance of PHC were much greater if KOH was present in the inset of the Warburg vessels, presumably an effect of low CO2 concentration. No CO2 was detectable manometrically.
The effect of the PHC oxidase system was very evident when cinnamic hydroxylase activity was assayed in the presence and absence of ME (Table VI) . Approximately 15 to 25 % conversion of cinnamic to PHC occurred in the presence of a fresh particulate fraction. If 10 ,umoles of ME were added, the 02 uptake was elevated for the first hour to a rate comparable with added PHC but then leveled off to a final total similar to that of cinnamic acid without added ME. However, although the same amount of cinnamic acid disappeared, only about 1 to 2% yield of PHC was found at the end of the 3-hr incubation period. In the presence of ME and cinnamic-14C2, about 2% of the radioactivity appeared as PHC, and 2 to 3% in x-11, a spot identifiable only by its radioactivity. The possibility that x-11 is produced directly Plant Physiol. Vol. 45, 1970 from cinnamic acid in the presence of ME rather than being a product of PHC has not been ruled out, but cinnamic acid was not a substrate of PHC oxidase (Table I) . No label was found in the KOH. As the cinnamic acid was labeled only in the C2 position, none would have been expected if only the terminal carbon was decarboxylated, but if a C2 unit was removed and subsequently decarboxylated, the CO2 trapped in the KOH would be radioactive. The rest of the label was widely distributed, including the non-ethyl acetate-soluble fraction. The characteristic ultraviolet-absorbing and quinoneimine-positive spot (x-9) of the soluble system was also found, but in smaller amounts. Only possible traces of label were found associated with that area.
Unlike the soluble system, the particulate fraction contained all of the enzymes necessary to convert phenylalanine and tyrosine to at least the level of ferulic acid. Ascorbic acid was added to the incubation medium in order to block the PHC oxidase reaction; this was necessary because ME appeared to be favorable for several of the other steps. The presence of the ammonia lyases and cinnamic hydroxylase in the particulate fraction was reported previously (17) . There was also an active conversion of caffeate to ferulic acid via 0-methyltransferase (5). About a 6%
yield was obtained in a 3-ml incubation mixture containing 50 mm phosphate buffer at pH 7.5, 1 jimole of caffeate, 10 ,imoles of MgCl2, 0.5 ,umole of s-adenosylmethionine, 4 ,imoles of ascorbic acid, and 10 ,imoles of ME. Addition of the latter increased the yield about 30%.
Starting with PHC, there was an increase in ferulic acid (fluorometric analysis); the area was also radioactive when uniformly labeled tyrosine-'4C2 or cinnamic acid-2-'4C was used. A yield of 1%7 in the ferulic area was obtained from 2 ,umoles of cinnamic acid-2-'4C (containing 0.2 ,uc) in a 3-ml mixture containing 50 mm phosphate buffer, 10 ,umoles of MgCl2, 4 I,moles of ascorbic acid, 0.5 ,umole of s-AME, NADPH and a dehydrogenase system as in the cinnamic acid hydroxylase assay, 1.1 ,umole of THFA, and 10 ,umoles of ME. The ME may substitute for both THFA and NADPH. Even smaller yields were found in the caffeic area.
DISCUSSION
Since crystalline peroxidase extracts catalyzed the ME-dependent oxidation of PHC, the enzyme activity in the sorghum preparations used in this study was probably due to a peroxidase-oxidase (19) . The inhibition by the chelating agent for copper, DIECA, might be explained by the relative importance of Cu rather than Mn in peroxidase reactions at higher pH values (9) , or DIECA may react with quinones or quinonemethide produced (11) .
This oxidase appears to have the following requirements for an active substrate: a phenolic group para to a C3 side chain, the latter having a double bond between C2 and C3 as in PHC and the enol form of p-OHphenylpyruvate; and possibly a terminal carboxyl group since the methyl ester was inactive. If this is a peroxidase-oxidase reaction similar to IAA or dihydroxyfumarate oxidase, a mechanism involving free radical intermediates (19) can be postulated (Fig. 5) . The free radical of PHC (PHC) would be a redogenic substrate, capable of reducing 02 to perhydroxyl (02-). The multiplicity of products would be in keeping with such a mechanism. One of the functions of ME might be in the production of the initial H202 required. Other functions have not been defined, but ME appears to substitute for exogenous Mn2+. The inhibition by EDTA implies that a metal is required (Fe?, and perhaps Cu? rather than Mn), but no exogenous supply of metal factor was added as is sometimes necessary with LAA oxidase. This PHC oxidase also differs in the ME requirement and in a different pH optimum. The monophenol PHC is a substrate in the one case, and YH2: any substrate of peroxidase; others as in Figure 4 .
a cofactor in the other; diphenols are inhibitors in both cases. The PHC oxidase is similar to the DHF oxidase in that the substrates both have a comparable double bond system. The relationship of this peroxidase activity to the DHF-peroxidase-02 hydroxylating system (3) has not been investigated. It is not clear whether decarboxylation occurs during PHC oxidation; one might expect a decarboxylation to a C6-C2, but no major amount of CO2 was produced in the preparations used. If a C2 unit such as glyoxylate were removed, the final product could be either p-hydroxybenzaldehyde or its corresponding acid or alcohol. All of these may be endogenous products in first internode tissues, but there was no good evidence that they were also major products of the PHC oxidation. However, a major decarboxylation did occur in the case of uniformly labeled tyrosine-'4C, with both CO2 and p-hydroxybenzaldehyde being heavily labeled (unpublished data).
The one product (x-9) produced in sufficient quantities for detection has not been identified, but ultraviolet spectra indicate that the double bond of the side chain is lacking. The quinoneimine test indicates an OH group on the carbon para to the phenolic hydroxyl, and the terminal group of the side chain is probably an alcohol according to the RF data. Since no major amount of CO2 was trapped in the KOH, it does not appear to be a C6-C2 compound,unless the CO2 was immediately fixed. If a C2 fragment were removed intact, this could explain the lack of or low radioactivity in the area, but the unknown is not p-hydroxybenzylalcohol or its acid or aldehyde. One possibility is that x-9 is a dimer of C6-C1 compounds. Since free radicals are formed, one might expect the same dimers as postulated in lignin formation (2) . Another possibility is a C6-C3 compound such as CH20H-CH2-HCOH-phenyl-OH; no standard was available to check this possibility. But this would require a conversion from a terminal acid group to an alcohol, an endergonic step not yet demonstrated in cell-free extracts of higher plants. The addition of an OH group at the C3 could be a simple hydration (6) or might be expected in the presence of free radicals of PHC. THFA was not required for this hydroxylation. Another similar hydroxylation could be the C6-C2 compound p-hydroxymandelic acid-a possible identification of the ultraviolet-absorbing and intensified quinoneimine area (x-12) near the origin. But this would also require a CO2 fixation of the decarboxylated terminal carbon to explain the lack of major CO2 evolution. None of the other products have been well characterized. Since cis and trans isomers are possible, coumarin derivatives could be formed. Another possibility would be the addition of the C2-fragment to another part of the aromatic ring as in homogentisic acid (4) .
The effect of THFA in the PHC oxidase system is not clear (4, 6) . In the short term incubations with the oxygen electrode, a yellow oxidized product of THFA may be the inhibitor (quinone?). This yellow color of the THFA disappears during the long term assay, possibly via reduction by ME. Addition of Na2S204 also removed the yellow color of the THFA. In these longer incubations, the extra 02 per micromole of PHC that disappeared in the presence of THFA could be due to an independent reaction, a second step oxidation of one of the products of the original oxidation, or a cyclical oxidation-reduction or dismutation reducing some of the PHC free radical back to PHC. The latter may be important with the purer peroxidase preparations, since these high ratios were characterized by limited PHC disappearance. The excess oxygen uptake in particulate preparations could also be due to a NADPH oxidase, another peroxidase-oxidase activity. It would be of interest if the THFA were functioning in Cl transfer; this might then explain the lack of detectable CO2 evolution.
The major limiting reaction in a particulate complex or complexes in sorghum capable of converting phenylalanine or tyrosine to the level of ferulic acid was the hydroxylation of PHC to caffeic acid or the direct methoxylation to ferulic acid. Ascorbic acid was necessary to block the PHC and ferulic acid oxidase steps since ME was present. But the low yields could indicate that the proper conditions have not yet been found. The involvement of pteridine cofactors in this monophenol hydroxylation or in cinnamic acid hydroxylase is in doubt. Russell has recently reported (12) that cinnamic acid hydroxylase does not require THFA but instead has an absolute requirement for ME. Apparently, the ME added to stabilize preparations of THFA was sufficient for this enzyme but was not sufficient for the PHC oxidase activity reported here. The hydroxylation of PHC to caffeic acid by mushroom PPO did not require any cofactors except traces of diphenol (13) . Vaughan and Butt (18) indicated the presence of a hydroxylating system at pH 5.3 requiring THFA or ascorbic acid plus traces of a diphenol in extracts from spinach beet rich in PPO. The sorghum system could be similar to the latter, but not as a function of a PPO, an activity not demonstrable in the internode extracts used. More work is being done to isolate this monophenol hydroxylating system to study its requirements more rigidly. Comparisons will be made with shoot preparations that do contain PPO.
What is the function of the PHC oxidase activity? Or is this just an interfering reaction in cell-free extracts when sulfhydryl reducing agents and certain monophenols are present? The free radical mechanism and varied products present the same problem of lack of control associated with other peroxidase functions where free radicals are formed. The hydroxylation at the C3 position in the side chain could have a physiological function in the production of p-hydroxymandelic acid, dhurrin and lignin intermediates. Since PHC oxidase probably produced the same free radical intermediate as postulated for lignin synthesis during peroxidation (2), this enzyme could be an effective substitute for the classical peroxidation that requires a high H202 concentration and a relatively low pH of 4.5 (14) (15) (16) (17) . However, the low activity with ferulic acid and inhibition by sinapic acid and aged eugenol would be hard to explain, unless the first step involves PHC and subsequent steps involve esters of glucose or occur only when the products are attached to carbohydrate of the cell wall. If the X-9 compound is a C6-C3 compound with a terminal alcohol group as well as a C3 hydroxyl group, this would also be of considerable interest in the enzymology of lignification.
